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ABSTRACT 

Protein i s o l a t e  obtained f ran green algae (Scenedesnus cbliquus) cultivated under controlled 
cmdi t ions  was characterized. kbolexlax weight detennjnatim of f r ac t ima ted  algal  proteins 
using SDs-polwcryLmLde gel electmpfioresis revealed awi* spec- of m1-r w i g h t s  
ranging fran 15,000 to 220,000. I s o e l e t r i c  pints of dissociated proteins were in the range 
of 3.95 to 6.20. pmino acid ccmposition of protein i so la te  canpared favorably w i t h  FPD 
stardards. High content of essent ia l  amino acids lexine, valine, phenylalanine and lysine 
makes a lga l  protein i so la te  a high qual i ty  ccmponent of CEISS diets. Ib aptimize the ranoval 
of algal l i p i d s  and piQlwts  supercr i t ical  ca2j3an dioxide extraction (with and without 
ethanol as a -solvent) was used. Addition of ethml  to supercr i t ica l  
m r e  e f f i c i e n t  rar0Va.l of algal l i p i d s  and p r o d u d  protein isolate with a good yield and 
protein recovery. Ihe protein isolate extracted by the above mixture had an mproved water  
solubi l i ty .  

resulted in 
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lhere is a need f o r  sui table  feeding systeas for  extended m e d  space missions. The poten- 
t i a l  u t i l i z a t i o n  of a lga l  bicmass in a non~onvent icna l  food supply in space, is the subject 
of o u  stujy. unique multifunctiondl charac te r i s t ics  of algae mxh as high pbtosynthe t ic  
ac t iv i ty ,  lack of need f o r  organic caxbm and nitrogen in the grad3 llledia and the ability 
to control a lga l  chenical c a p x i t i o n  by vaxying cul t ivat ion conditions make algae an 
a t t r a c t i v e  system for  biological regeneration of the CEISS envirarPrwt /1,2,3,4,5,6,7,8,9/. 
Cmsvnption of untreated and unpurified algal  bianass, due to associated physioloqical prcr 
b l em (e.g. ncndigestible caqxnents of c e l l  w a l l  and d i s t w 3 h g  caxbhydrates,  excess 
nucleic acids,  unknm toxins and al lergens)  and poor flavor or color l imi t s  the munt of 
algae i n  the d ie t .  Ccmversion of a lga l  bianass in to  physiologically and organoleptically 
acceptzble ccmpcl.lents reguires suitable mtbdolcgy. Previously developed nethods elimirate5 
or largely reduced three l a w n  mdesirable  caqxments of algae (cell walls, nucleic acids,  
and pigrents) a d  gave an "algal protein i so la te"  w i t h  a reasonably high yiel2 /lo/. 

Green algae (Scenedesrms &liquus) gxm in Constant Cell Density Apparatus, under ccm- 
trolled cordit ions were us& in this study. m y  were abtained througt.1 the courtesy of D r s .  
Richard Rac$ner and Paul Behrens of MWCEK C q .  Colunbia, MD. Figure 1 skkls the s t e p i s e  
procedure for  preparation of various f rac t ians  fran algae. Majar nut r i t iona l  canpcnents of 
the algae f lour  (freeze-dried ruptured cells) e r e  detersnined. upan c e l l  rupture and r m a l  
of the cell wall, the niz le ic  acid content of the algae was reduced by 92%, using ai enzy- 
matic, procedure. ! t b s  increased the safe ccnsunption level  of a lga l  protein ccncentrate 
( f ract ion C6) f ran 209 tD approximately 25Og per day ard for algal protein isolate (fraction 
P8A) fran 159 to 192 g per day. Generally accepted safe level of nucleic acids  intake in 
hunan i s  29 per day /ll/. Ethanol extraction of algal piQrrents bnostly chlorophyll A) fran 
the protein corcentrate (fraction #6) result& in ranoval of mst of the green color and 
ccmseqm~t ly  the a lga l  protein i s o l a t e  ( f ract icn #Si) had a " l i g h t  olive" color upon f r e e z e  
drying. RBnoval of the Figrents enhanced the color and f lavar ,  but caused protein denatura- 
t ion and insa lubi l i ty  of the final product. 

In  order to  f m r  irnprave the qual i ty  of a l g a l  proteins we have experimented w i t h  the r e  
m a l  of a lga l  p i c p n t s  and l i p i d s  using supercr i t ica l  f luids .  The results are reported 
here. 

Characterization of isolated a lga l  proteins was a major part of our recent study. This 
hwledge can be usefu l  in designing f e  processing and f a b r i c a t i m  of a lga l  proteins 



a s  a f d  ccnponent in CELSS. The present paper also reports the results of electroplmrctic 
studies and 'amino acid analyses OE a lga l  proteins. 

mI0wLIX;y 

Preparation of a l g a l  protein fract ions 

Green algae (Scenedesnus obliquus) were grown in Constant C e l l  Density Apparatus (CCDA). 
Conditions were :  Algal density in medim: 0.55 mg dry weiqht/ml.; 32°C; pH= 7.0; nitrogen 
source: KN03 2.Oq/l; carbon some: 2% CO in a i r .  The algae here gram, harvested, and 
supplied to us by Martek Corp. (Colmbio, %I). 

SDS-Polyacrylamide ge l  electrophoresis (SDS-PAGE) 

SDS-PAGE w a s  used t o  determine the molecular w i g h t s  (M.W. ) of a lga l  proteins. Freezedried 
algal protein concentrate (fraction # 6 )  w a s  used. The experimental de ta i l s  of SDS-PAGE wre 
reported previously /12/. 

Isoelectric focusing (IEF) 

IEF in polyacrylamide ge l  was used t o  determine the isoelectric pints (PI) of a lga l  pro- 
teins. Ampholine pH 3-10 was  used to prduce  pH gradient across the gel. The IEF conditions 
were as previously reported /12/. Freeze--dried a lga l  protein i so la te  (fraction #6) was used 
in  this stldy. 

Amino acid analysis 

Amino acid ccmposition of algal protein i so la te  was determined using a recently developed 
pre-colunn derivatization method which has been originally demonstrated by Koop, Morgan, 
Tarr and Coon 1131 for  analysis of f ree  amino acids and l a t e r  modified by B i d l i n w y e r ,  
Cohen and Tarvin /14/  fo r  application t o  acid-hydrolysates of proteins. 

The m e t h d  which is cal led "Pico-Tag" is  based on derivatization of amino acids with phenyl- 
isothiocyanate ( P I E ) .  P I E  reacts w i t h  free amino acids to yield phenylthiocarbamyl (m) 
amino acid,  which can then be separated on a reversed-phase HMC colunn. Strong UV absor- 
bance of m-amino acids (254 nm) makes it possible t o  detect  quant i t ies  as -11 as 1 
picanole /14/ .  Because P I T  forms the sane chramphore w i t h  primary and secondary amino 
acids no extra treatment is  necessary f o r  detection of proline. Excellent reproducibility, 
derivatives s t a b i l i t y  (6-10 hrs a t  R.T.) and rapid analysis (12 min.) of amino acids made 
the Pico-Tag the mthd of choice €or our purpose. 

Upon Hc1 hydrolysis destruction of Trp, conversion of Asn and G l n  to ASP and Glu , also 
oxidation of cysteine t o  cyst ine and consequently p a r t i a l  destruction of cystine occur /E/. 
Hence, i n  order to cbtain canplete amino acid prof i le ,  algal protein i so la te  (fraction #8A) 
was treated i n  2 di f fe ren t  ways: 1) E1 hydrolysis and PIT13 derivatization to detect  a l l  
FX-amino acid derivatives except €or Cys and Trp, 2 )  Performic acid oxidation follmed by 
E l  hydrolysis and derivatization to quantify the amount of cysteine i n  the form of cysteic  
acid, and 3) Ethane-sulfonic acid hydrolysis f o l l a e d  by derivatization t o  obtain the 
amount of tryptophan. Amino acid standard used was Pierce standard H. Least square treatment 
of data and calculated regression lines were used for  quantification of amino acid content 
of a lga l  proteins. 

Supercrit ical  Fluid Extraction 

Supercrit ical  f lu id  extraction of algal pi-nts and l i p i d s  w a s  carried out in two steps. 
The 1st extraction w a s  w i t h  supercritical carbon dioxide (SC -CO ) and the 2nd extraction 
was w i t h  carbon dioxide and anhydrous ethanol (22%) as a cc-solv&t. Freeze-dried a lga l  
protein concentrate (fraction #G) , 4.869. w a s  charged al ternat ively beween layers of glass  
wml to an extraction vessel,  a 1.8 a n  diameter X 30 a n  long stainless steel tube (Autoclave 
Engineers, Inc.) , and connected t o  the systgn shom in Figure 2; the glass  w o o l  served to 
keep the algae pmder fran canpacting during passage of gas through the extractor. Carbon 
dioxide (Airco, Inc., Grade 2.8) was supplied a t  about 87 bar pressure and 313°K to the 
suction side of a double-end diaphragn canpressor (Superpressure, Inc.) and w a s  ccmpressed 
t o  the measurement pressure. The pressure was controlled by a back-pressure regulator 
(Circle Seal, BPR) which diverted the bulk of the canpressed gas fran the surge tank back to  
the suction side of the ccmpressor resul t ing in  an almost pulse-free flow of gas to the 
extractor. The high-pressure gas passing d m s t r e a m  of the canpressor was h a t e d  in a tube 
prellcater t o  about 338'K and was passed through the extraction vessel which was maintained 
ilt 338'22 K by a tmperature indicator/controller which m a s u e d  the temperature via an iron 
constantan t h m m o u p l e  (Superpressure, Inc.)  positioned in  the bed of algae powder and 
W h i c h  regulated power t o  a heater (Glascol tapes) on the extractor. 
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The solution (consisting of carbon dioxide and dissolved materials) leaving tlic extraction 
vessel was passed through a heated, flow-regulating, pressure l e t - d m  valve and was 
expanded to ambient pressure. The materials which w e r e  dissolved by the gas passing through 
the extraction vessel precipitated during the pressure-reduction s tep and were scprated 
fran the gas in a U-tube collector ( K i n b l e ,  200 m) whose e x i t  junction w a s  f i t t e d  with a 
glass wool f i l t e r  to  prevent fine-particle sbl ids  f ran passing through the tube; a second 
U-tube with a more t ight ly  packed glass  wool f i l t e r  was positioned d m s t r e a m  of the f i r s t  
collector and served t o  t rap  any f ine  particles whichmight have passed through the f i r s t  
f i l t e r .  

The ambient gas leaving the collection systen passed through a rotameter, (Fisher-Porter,  
Inc., Ser ies  1OA 35) for  flaw rate m e a s u r e n t  and through a dry test mter (Singer, Inc. , 
-200) f o r  f l w  v o l u ~  integration. The flaw rate of the carbon dioxide through the 
extractor w a s  maintained a t  3 SLPM (standard liters per minute). A total of 0.66 g of green 
semi sol id  materials, SC-CO extract  (fraction #7B) w a s  collected ( in  the U - t u b e )  during 
the passage of 720 g of car& dioxide a t  380 bar pressure. After the extraction with carbon 
dioxide a fraction of the charge of algae (SC-CD2 residue, f ract ion #8B)  w a s  removed fran 
the vessel t o  be used for  solubi l i ty  tests, the vessel w a s  resealed and connected t o  the 
system. The 2rd extraction w a s  carr ied out with SC-CO a t  380 bar pressure a t  338" K, with 
anhydrous ethanol added as a co-solvent. It was p u q d  into the system a t  the entrance t o  
the extractor. The ratio of ethanol to carbon dioxide was 100 to 360 q (22%). The SC-CO 
+ EtOH extract  (dark green ethanol solution) was collected in a container (fraction #7C?. 
The SC-C02 + EtOH residue (fracticn #E) was used f o r  so lubi l i ty  test (Figure 3). 

Solubili ty Test 

Algal protein isolate (fraction #a), SC-C02 residue (fraction # 8 B )  and SC-CO + EtOH 
residue (fraction #E) w e r e  used. Tu 100 mg of each fraction, 10 m l ,  0.05 M pgosphate 
buffer, pH 8.0 (based on pH-solubility prof i le  of plant  proteins,  Wolf /17/) was added. The 
samples e r e  mixed and stored a t  roam temprature for  about 1 hr. They were then centrifuged 
a t  15,000 RPM for  10 m i n .  a t  2 O  C. The supernatant w a s  collected and the pe l le t  was washed 
w i t h  another 2 m l  of phosphate buffer and recentrifuged. The wash w a s  added t o  supernatant 
k e p t  a t  5' C) and the pellet was freeze-dried (Virtis Research Equ ip ra t ,  Gardiner, NY). 

Protein concentration of the supernatants and the pellets were detennined using the micro- 
kjeldahl mthod A.O.A.C. / 1 8 / .  Solubi l i ty  was defined as: 

Protein i n  supernatant (mg) x 100 
(sun of protein in  supernatant and pellet) mg % Solubili ty = 

Absorption Spectra 

Absorption spectra of SC-c02 extract  (fraction #7B) and SC-C02 + EtOH extract (fraction # X )  
i n  the range of 700 to  240 rm w e r e  cbtained and canpared with t h a t  of fraction 7A, which is 
the boiling-e&ol extract. Since S C - ~  extract  (fraction #7B) is  in the form of s e m i  
sol id  materials, an al iquot  w a s  dissolvd in hexane, f i l t e r e d  (Millex-SLSRO25NS) and used 
f o r  this study. 

Analysis of Algal Lipids 

Isolation of a lga l  l i p i d  canponents (neutral, glyco and phospholipids) using sequential 
solvent extraction, gel  f i l t r a t i o n  and thin layer chranatography, as w e l l  as determination 
of f a t t y  acid canposition using 0;: is undernay. SCCO and SC-CO + EtOH extracts  (fractions 
#7B and 7C) and the corresponding residues (fractions #8B and E? w i l l  be analyzed. 2 

RESULTS AND DISCUSSION 

Molecular Weight Detemination 

Literatureon molecular weights of a lga l  proteins is limited. Lee and Picard /19/ studied the 
electrophoretic pattern of Oocystis a lga l  proteins using three systems: Tris-glycine pH 8.7, 
SDS-gel and SDS-gel with 2-~rercaptcethanol. Using the SDS-gel along with dissociating agents 
they observed a wide spectrun of molecular weights (M.W.) ranging fran 12,500 t o  250,000. 
In our study using SDS-PAGE w also obtained wide range of M.W. fo r  Scenedesnus d l i q u u s  
proteins. Figure 4 shows the electrophoretic pattern of protein concentrate (fraction #6). 
The M.W. of proteins ranged fran 15,000 (band #20) to 220,000 (band #l), Major protein bands 
correspond to bands # 7 ,  1 4 ,  15, 18,  1 9  and 20 with M.W. of 55,000, 30,000, 28,000, 18,000, 
16,500 and 15,000 respectively. Band #21 corresponded to chlorophyll and other a lgal  
pigwnts  (M.W. below 1,000) which migrated to the front  of the gel. A canparison of SDS-PAGE r rotein i so la te  resul t ing f m  supercr i t ical  f lu id  extraction (fractions #8B and E) w i l l  
enable us to detect  the extent of changes such as o l i g m r i z a t i o n  and/or par t ia l  fraqmn- 
ta t ion of treated algal  proteins. 

ttern of protein isolate obtained f ran  ethanol extraction (fraction #8A) with that of 
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Iscelectric Point Determination 

There is  no report  available on isoelectric points of a lga l  proteins. The IEF pattern of 
a lgal  proteins and pH profi le  of IEF gel  for determination of the PI 'S  of focused proteins 
are sham i n  Figure 5. The isoelectric points of the a lga l  proteins ranged fran 3.95 (band 
# 15) to 6.20 (band 112). Major protein bands corresponded to bands #7, 9, 11 and 13 w i t h  
PI 'S of 5.45, 5.20, 4.85 arid 4.35 respectively. Band #1 corresponded to chlorophyll and 
other p i g e n t s  which did not migrate i n  tke IEF gel. 

Fmino k i d  Canpsi t ion 

Nutritional value of proteins is primarily determined by their amino acid canposition. H e n c e  
amino acid prof i le  o f a l g a l  prote'm (Scenkesnus c b l i q u k )  was studied and am&Ograms bere 
cbtained (Figure 6 ) .  

The amino acid ccmposition of a lga l  proteins canpareed favorably with FA0 standards, Table  1. 
Analysis of amino acid ccmposition revealed high content of leucine, valine,  phenylalanine 
and lysine and lm content of methionine and tryptophan. (The high values for  cysteine 
contrary to reported law values i n  the literature is because we analyzed cysteine i n  the 
form of cysteic acid which yielded i n  about 70% mre canpared to values we cbtained for  
cystine).  

There is no data reported on amino acid canposition of Scenedesnus Obliquus cult ivated 
under controlled conditions (m). W e v e r ,  there are  reports on amino acid canps i t ion  of 
Scenedesnus Obliquus cult ivated &r open air  conditions according t o  German technique of 
Dortrrmnd /20, 21, 22, 23/ cul t ivat ion ponds /24/ and unspecified conditions / 5 /. The 
canparison of the aminograms fran Scenedesnus cbliquus cult ivated under d i f fe ren t  conditions 
revealed a similar pattern of high content of valine,  1eucine.and lysine and lm content of 
methionine and tryptophan. &r results, showed re lat ively higher values for  isoleucine, 
leucine and phenylalanine. 

The nutr i t ional  value of green algae depends on diges t ib i l i ty  which depends on pretreatment 
of algae and disruption of the cell wall. Lcw nutr i t ional  value is to be expected if algae 
is not suff ic ient ly  processed /25/. Nutrit ional value (biological value, BV, d iges t ib i l i ty ,  
D, ne t  protein u t i l i za t ion ,  NPU, and protein efficiency r a t io ,  PER) of pretreated Scenedcs- 
- mus obliquus cult ivated under open a i r  conditions (Dortmund technique) has been studied i n  a 
series of d i f fe ren t  and independent investigations i n  animals and also in h m  volunteers. 
The results repeatedly and unequivccally c o n f h d  high nut r i t ive  value of a lga l  proteins 
/25, 26, 27, 28/. D m d r i e d  Scenedesnus obliquus w a s  s t d i e d  as a d i e t  ccmponent i n  ra ts .  
High nutr i t ional  value due to i m p r w d  protein d iges t ib i l i ty  (as  a r e su l t  of cell dis- 
rupt im) was reported, Table 2 /30, 31/. Fort i f icat ion of wheat and rice with proteins f r h  
Scenedesnus acutus in  r a t s '  d i e t s  resulted i n  significantly higher PER value than cereal 
d i e t  alone /32/. They a l so  concluded that Scenedesnus proteins supplemked wheat proteins 
to a greater extent than rice. 

In sunary, a lga l  proteins, because of the i r  high content of essent ia l  amino acids (valine, 
leucine, lysine and phenylalanine) upon cell w a l l  rupture arid removal of undesirable caw 
ponents,' can signif icant ly  improve the nutr i t ional  value of other plant proteins e.g. 
cereals ( w k a t ,  rice arid corn with lysine a s  their limiting &no a c i d ) ,  legunes, etc. and 
serve a s  a high quality canpnent  of CELSS diets. Wheat and soybeans are considered a s  two 
sources of macronutrients i n  CELSS d i e t  scenario /33/. 

e--r&izaJ Fluid -%traction 

In  our previous study boi l ing ethanol was  used to renove pigments and l ipids .  Ethanol t reat-  
nwt of a lgal  proteins (regardless of extraction teqerature) imprwes the color and flavor 
of the isolate, but causes denaturation and consequmtly aggregation of algal proteins w i t h  
loss  of solubili ty.  Supercrit ical  f lu ids  are receiving increasing at tent ion a s  extraction 
solvents. Because of their pressuredependent dissolving p.er properties often display the 
fractionation ab i l i t y  of mult icapment  solutes  /34/. Supercrit ical  carbon dioxide (SC-C02) 
has been considered by many investigators a s  the ideal  f l u id  for  extraction and separation 
processes. It is reported to behave very much l ike  hydrocarbon solvent with very lm polar- 
izab i l i ty  /35/. Therefore, the use of X-Co 
mterials w h i l e  giving canparable yields  ofzers several advantages. 

Organic solvents are f l a n a b l e  and explosive. They might also contain traces of higher 
boiling fractions that may be l e f t  i n  the extract  and pose a potent ia l  health hazard /36/. 
01 the  other hand carbon dioxide is nontoxic, nonflanable arid rather easi ly  separatable 
fran the extracted materials. 

2' There are an increasing n h r  of reports on r e p l a c e n t  of l ipophi l ic  extraction by 5x2-CO 
Ektractions of o i l  fran corn /36, 37/, soybeans /38, 39, 40/, cottonseed /41/, lupine scccls 

fo r  extraction of l i p ids  o r  l ip id  soluble 
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/42/ and animal o i l s  and f a t s  /43/ using supercrit ical  C02 has been reported. 

Carrparative shdy on the storage ab i l i t y  of defatted corn germ flour using hexane and 
SCM shm.4 significant reduction of peroxidase act ivi ty  (apparently a s  a r e su l t  of pro- 
tein 8enaturation under the extraction conditions, 344 to 551 bar pressure and 323' K) and 
high flavor quali ty upon accelerated storage tests for  SC-CX2 extracted corn germ flour 
/37/. Similar s t d y  on o i l  extraction of soybean flakes using SC-C02 
pressure, 353-373" K and 5-13% moisture) and hexane also resulted i n  bet ter  flavor qvali ty 
and shelf l i f e  for SC-C02 defatted soybean flour /40/. In a canparative s t d y  on oxidation 
s t ab i l i t y  of "oi l"  extracted fmm soybean flakes using either S C c 0 2  a t  344 bar and 323' K 
o r  hexane, sCM2 extraction yielded a product cuparable  to a hexaneextracted degurmed 
soybean o i l .  Phosphatides were essentially absent in SCCO and t h i s  may be the reason for 
lwer oxidative s tab i l i ty  of sc-c02 extracted soybean o i l  ?39/. 

There is no report on supercrit ical  extraction of A l g a l  l ip ids  and/or pignents. The 
extractian of algal protein concentrate ( f rac t im #6) using (SC-CO,) resulted in removal of 
green Semi solid materials believed t o  contain nonpolar l ip ids  and lipid-s6luble pignents 
(such a s  chlorophyll and carotenoids). Chlorophylls are  c lassi f ied a s  lipid- and water- 
soluble and carotenoids a s  lipid-soluble p i p n t s  /44/. The yield of SC-C02 extract  
(fraction #7B) was 7%. The absorption spectra of fraction #7B (dissolved in hexane) indica- 
ted the predaninance of chlorophyll A (with absorption maximun, 

(730 to 854 bar 

other minor peaks probably due to extracted carotenoids. The 
(fraction #8B) which had an "olive green" color was 44.6%. 
isolate (fraction #E3) using SC-M2 and 22% ethanol resulted in a dark qreen ethanol solw - t ion  believed to contain polar l i p& and chlorophylls (fraction #7C) with the yield of 12%. 
The absorption spectra of SC-CO + EtOH extract  indicated mainly the presence of chlorophyll 
A and traces of chlorophyll B (3  a t  470 nm). The absorption spectra of SC-C02 + EtOH 
extract (fraction #7C) =re aIn&?identical to those of ethanol extract  (fracbon #7A). 
l"k SC-C02 + EtOH residue (fraction #E) had a "light olive" color sirnilat t o  ethanol ex- 
t rac t  residue (fraction #a). Yield of a lgal  protein isolate  cbtained fran SC-C02 + EtOH 
extracticn was 33%. '&e remaining balance as canpared to previously reported value for frac- 
tion 8A which was 36.6%, is due t o  the r m a l  of 19% total l ip ids  (nonpolar and polar) and 
pigrents (fraction #7B and 7C) canpared t o  15% (fraction #7A). W e  believe tha t  SC-COz 
extraction resulted in more eff ic ient  removal of nonpolar lipids. Isolation and detennina- 
t ion of l ip id  cbnpnents (neutral, glyco and phospholipids) and f a t ty  acid canposition of 
various extracts  (ethanol, SC-C02 and S2-C02+ EtOH) and the residues aremderway and w i l l  be 
reported in our next paper. FYotein concentration of X-CO + EtOH residue (protein isolate  
82) was 69.1%, similar to the ethanol residue (protein isofate 8A) which was 70.5%. %le 3 
shaws the yield,  protein coxentration and recovery of various algal  fractions. 

Protein Recovery 

Recovery of Oocystis a lgal  proteins was studied by Lee and Picard /19/. Using successive 
cmmonim sulfate  fractionations they recovere3 44% of algal proteins. The protein recovery 
increased t o  66% when the fractionation was done in the presence of ascorbic acid and 
insoluble PIIP (polyvinylpyrrolidone). The presence of endogenous proteolytic and oxidative 
enzymes may par t ia l ly  impair the recovery of plant proteins. 

Phenoloxidase and peroxidase catalyze the reduction of 0-diphenols to quinones; subsquently 
the quinones polymerize and form canplexes with proteins thus impairing the solubi l i ty  /19, 
45, 46, 47/. The formation of these canplexes is  prevented by extracting the plant proteins 
in the presence of reducing agents (such as ascorbic acid) and by removing the phenols with 
substances s w h  a s  W P  which forms hydrogen bonds with phenols. Nonspecific aggregation of 
plant proteins is also reported i n  the l i t e ra ture  and believed to  be the resu l t  of sul- 
phydryl interactions /48/. 

Solubili ty of Algal Proteins 

Solubili ty of a lgal  proteins is shckJn i n  Table 3. Under our experimental conditions, the 
solubi l i ty  of a lgal  protein (fraction #6) prior t o  raMval of pigments and l ipids  was 63%. 
Upon extraction with ethanol the solubi l i ty  decreased t o  20% (protein isolate  8A). The s o h -  
b i l i t y  of SC-C02 residue (protein isolate  8B) was 45% and of SC-C02 + EtOH residue was 41%. 

Par t ia l  protein denaturation a s  a resu l t  of "anhydrous" SC-CO 
pressure and 323' K) of dry-milled corn germ flour /37/ and "i?wn.id" SC-C02 (730 to  854 bar, 
a t  373" K and 5-13 % moisture) extraction of soybean flakes /40/ has been reported. Protein 
denaturation has been considered t o  be the result of high pressure extraction /37/. Hmver,  
t h i s  par t ia l  denaturation resulted i n  reduction of peroxidase ac t iv i ty  (heat-resistant 
oxidative enzyme) and consequently better storage s tab i l i ty  of the extracted corn gem flour 
and soybem flakes. Weder /49, 50/ studied the effect  of hunid supercrit ical  C02 and N 
300 bar, 353" K and roan tarperature on the structure and amino acid conposition of r&- 
nuclease arid lysozyme. The amino acid canposition and "BS-reactive lysine (trinitrcbenzene 

extraction (344 to  551 bar 

a t  
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sulfonic acid) r e m i n d  unal te rd .  Par t ia l  oligcmcrization (due to disulfides) and scme 
f rapentat ion '  of protein molecules in protein extracted a t  353" K was detected. N o  oligcmers 
were detected using SDS-PAGE when extraction w a s  a t  rcan temperature. The occurrence of the 
changes i n  the protein mlecules was concluled t o  be the result of heating proteins in the 
presence of w a t e r  regardless of the nature or pressure of the gas used. Tryptic digestion of 
the treated proteins indicated a better d iges t ib i l i ty  than untreated proteins. 

In  our systen, decrease in the solubi l i ty  of protein isolate (41%)  as canpared t o  protein 
concentrate (63%) could possibly be due to the  extraction terrperature (338" K ) .  In our pre- 
vious s t d y  on enzymatic reactions of polyphenol oxidase in supercr i t ical  f lu ids  the enzyme 
was found to be catalyt ical ly  act ive a t  344 bar, 307O K and 309" X 1511 indicating t h a t  no 
protein denaturation has occurred due to the exposure to supercr i t ical  fluids. 

In sumdry:  SC-C02 + EtOH extraction of qreen algae resulted in : 1) more e f f i c i en t  r m v a l  
of a lga l  l ip ids  and pigwnts (19% v s  15% ethanol extract) .  2) Fractionation of nonpolar ,and 
polar l ipids .  3) Protein isolate w i t h  a qccd yield and protein recovery. 4 )  Increascd 
solubi l i ty  of the protein. 

The above resul ts  suggest that supercr i t ical  f lu id  extraction is a useful extraction mthcd 
to be used in the space habitats. 
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T&Le 1 hino Acid Canp3sition of Algal Protein ~ & , l ~  2 ktritioslal value of Alpe in ConpKiSon with 
saw Representative Fad F’roteins ( f m  /29/). 

Isolate (Fraction MA) 

(g/IOOg protein) 

Amino k i d  FA0 scenedem 
Standard Obliquus 

ASP 
Glu 
Ser 
GlY 
H i s  
k g  
TtU* 
Ala 
Pro 
TYr 
V a l *  
Met* 
CYS 
Ile* 
LcU* 
Phe* 
Rp* 
LYS* 

8.0 
8.3 
3.6 
6.1 
1.8 
5.8 

4.0 4.6 
8.3 
5.8 
3.5 

5.0 7.3 
2.7 2.2 

7.0 
4.0 5.0 
7.0 11.1 
3.4 6.0 
1.0 a 
5.5 5.7 

PER Bv NPU C.S. limiting 
a.a. 

3.8 87-97 91-94 100 none Egg 
Soybeans 0.7-1.8 58-69 48-61 69 S 

Rice 1.9 75 70 57 Lys. 

Corn 1.2 60 49-55 55 LYS. 

me3t 1.0 52 52 57 Lys. 

Algae(a) 3.21 81 68 57’) Met. 
Trp. 

_ I .  ~-~ 
PER, Frotein-Efficiency Ratio. 
Bv, Biological Va lue .  
Npu, Net  Protein Utilization. 
C.S., Chemical Score. 
s, Sdfer-containing amino acid. 

%Essential 32.6 42.0 

*Essential .&xu acid. a. not reported here. 

Table 3 Yield (a ) ,  Protein Concentraticm ($1 Protein Wovery ($1 
Solubility ( 8 )  of Various Algae Fractions Witbut h z p t i c  
R - e a m t .  

Yield ($1 Protein Protein Solubility (S) Fraction # 
C m e n t r a t i o n  Recovery 

($1 (%) 

_-- 2 (algae flour) 100 52.6 100 

--- 4 (algal c d e  65 57.6 71.2 
protein) 

6 (algal protein 51.6 53.4 52.4 63 
concentrate) 

8A 

8B 

8= 

(algal protein 36.6 70.5 49.1 20 
Isolate) 

1 solaze) 

(SZ-CU + EtOH 
m t e &  Isolate) 33.0 69.1 43.3 41 

Protein 44.6 66.5 56.4 45 
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